The osmotic regulation of the biosynthesis of membrane-derived oligosaccharides (MDO) in strains UB1005 and DC2 ofEscherichia coli K-12 was examined; this regulation was previously reported by Clark (J. Bacteriol. 161:1049Bacteriol. 161: -1053Bacteriol. 161: , 1985 to be different from that observed by Kennedy for other strains of E. coli (Proc. Natl. Acad. Sci. USA 79:1092-1095 , 1982 . Osmotic regulation of the synthesis of MDO in UB1005 and DC2 is in fact indistinguishable from that previously reported for other strains ofE. coli, with maximum production of MDO occurring in the medium of lowest osmolarity. The report of Clark to the contrary was apparently based on the inadequate methods for the measurement of MDO employed in that study. MDO are localized in the periplasm of'wild-type E. coli cells. However, strain DC2, selected for hypersensitivity to a range of antibiotics, released most of its MDO into the medium, apparently as a result of greater outer membrane permeability.
substituted with sn-1-phosphoglycerol and phosphoethanolamine residues (derived from membrane phospholipids) and with O-succinyl ester residues (5) .
In 1982, Kennedy (4) found that the biosynthesis of MDO in E. coli is osmotically regulated, with maximum rates of synthesis observed during growth in medium of low osmolarity. E. coli K-12 BB26-36 was used in' most of these experiments, but it was reported that the K-12 strains A324 and DF214, as well as E. coli B, gave essentially similar results (4) . Strong evidence for a similar pattern of regulation in the K-12 strain RZ6O dgk was 'provided by Raetz and Newman (9, 10) . These workers found that the highest levels of diacylglycerol accumulated in this mutant (which is deficient in the enzyme diacylglycerol kinase) during growth in medium of low osmolarity, and they offered evidence that such accumulation is the result of the high level of' MDO synthesis under these conditions.
The important experiments of Munro and Bell (8) had provided earlier evidence that in E. coli B, the turnover of membrane phospholipids (which is almost entirely linked to the synthesis of MDO) is osmotically regulated, with the highest rates occurring during growth in medium of low osmolarity.
Miller et al. (7) pointed out the similarity of the periplasmic P-1,2-glucan of Agrobacterium and Rhizobium spp. to the MDO of E. coli and reported that the osmoregulation of the synthesis of 3-1,2-glucan in Agrobacterium spp. is closely similar to that previously found for the MDO of E. coli (4) . Findings contrary to this pattern of results were reported by Clark (2) , who claimed that the synthesis of MDO in E. coli K-12 UB1005 was highest when the organism was grown in medium of high osmolarity, a result opposite to that described by Kennedy for' other strains (4) . It was further claimed that in strain DC2, a derivative of UB1005 selected on the basis of its increased sensitivity to antibiotics (1), * Corresponding author.
MDO synthesis could not be detected in cells grown at low osmolarity, but large amounts of MDO were produced during growth at high osmolarity. This anomalous behavior was attributed to a mutation, designated mdoR, in some regulatory locus affecting MDO synthesis (2) .
The paper by Clark (2) unfortunately provided no satisfactory evidence that MDO was in fact measured in the experiments reported therein. In key experiments, such as those shown in Fig. 4 of reference 2, the presence of MDO was simply equated with that of anthrone-reactive material, although the anthrone reagent is not highly specific and yields colored products with a wide variety of carbohydrate and noncarbohydrate materials (3) . Further, in a prior paper not cited by Clark, it had been show'n by Roller''and Anagnostopoulos (11) that strains of E. coli accumulate large amounts of intracellular carbohydrate as a form of compatible solute when grown in medium of high osmolarity. These facts made it seem likely that the anthrone-reactive substances observed by Clark (2) 'in extracts of cells grown in medium of high osmolarity represent non-MDO materials.
We therefore reinvestigated the regulation of the biosynthesis of MDO in strains UB1005 and DC2. We found that the pattern of osmoregulation of MDO biosynthesis in these strains, when measured by a more specific method than that of Clark (2) Labeling and purification of MDO. Cultures of each strain were grown overnight at 37°C with vigorous shaking in 5 ml of liquid medium containing 10 mg of Bacto-Peptone (Difco Laboratories) per ml, 2 ,ug of thiamine per ml, 20 ,ug of methionine per ml, and 0.1 mM glycerol and supplemented either with 25 mM NaCl (for medium of low osmolarity) or with 400 mM NaCl (for medium of high osmolarity). The low-osmolarity medium contained an additional 25 mM NaCl to facilitate the growth, otherwise very slow, of strain DC2. Portions of the overnight cultures (usually about 0.25 ml) were diluted with 5 ml of fresh medium (of either high or low osmolarity) containing 0.1 mM [2-3H]glycerol (ICN Pharmaceuticals, Inc.; about 107 cpm). A minor 'anionic impurity was removed from the glycerol by passage over Dowex-1 ion exchange resin prior to use. The labeled cultures were grown on a rotary shaker for 4.5 h in the case of strain UB1005 or for about 7 h in the case of the slower-growing DC2, until the cultures had reached a cell density of 3 x 108 to 5 x 108/ml. The cells were harvested by centrifugation at room temperature and washed with medium of the same composition as the growth medium but containing unlabeled glycerol. Each cell pellet was suspended in 0.5 ml of a solution of bovine serum albumin (10 mg/ml), and a sample of the suspension was withdrawn to determine total cell-associated radioactivity. The suspension was diluted by the addition of 0.4 ml of water and then treated with 0.1 ml of 30% (wt/vol) trichloroacetic acid. The precipitate, which contained all of the labeled cellular lipid, was' removed by centrifiugation; the supernatant fraction, which contained MDO, was analyzed by chromatography on a column (50 cm by 1 cm2) of Sephadex G-25 Medium and suspended in 7% (vol/vol) 1-propanol containing 0.15 M NaCl. The column was eluted with the same solution. Fractions (1.0 ml) were collected at the rate of 17/h.
For the further purification of labeled MDO from cells of UB1005 grown in medium of low osmolarity, material from fractions 22 to 29 of the G-25 column was pooled and diluted sixfold with 7% (vol/vol) 1-propanol to reduc'e the salt concentration and was passed over a column (20 cm by 0.8 cm2) of DEAE-cellulose suspended in 7% (vol/vol) 1-propanol. The adsorbed material was eluted with a linear gradient (0 to 0.25 M LiCl) in a total of 200 ml of 7% (vol/vol) 1-propanol. Fractions of 2.5 ml were collected at a rate of four/h. Eighty-one percent of the radioactivity applied to the column was recovered in fractions A, B, and C.
Alkaline hydrolysis of purified MDO and isolation of labeled glycerophosphate. Conditions of alkaline hydrolysis of MDO and subsequent treatment were essentially the same as those of Kennedy et al. (6) . Ascending thin-layer'chromatography of the product before and after treatment with purified alkaline phosphatase was carried out on aluminum-backed sheets of Silica Gel 60 (E. Merck AG) with a solvent mixture of 70 ml of 1-propanol and 30 ml of 0.2 M ammonium acetate (pH 7). Each lane of the completed chromatogram was cut into 1-cm sections which were transferred to scintillation vials. After the addition of 1.0 ml of water, each vial was shaken for 10 min. Liquiscint scintillation fluid (10 ml; National Diagnostics) was added. The vials were then thoroughly shaken and assayed for radioactivity.
RESULTS
Synthesis of labeled MDO in strain UB1005. Glycerol labeled with tritium in the 2'position is a specific label for cellular products containing glycerol residues, because the metabolism of glycerol in E. coli to produce other labeled cell substances requires its conversion to dihydroxyacetone phosphate with consequent loss of the tritium label. (Fig. 1) .
Strain UB1005 produced large amounts of labeled MDO when grown in medium of low osmolarity (Fig. la) , and this synthesis was dramatically reduced by the addition of 0.4 M NaCl. This result is essentially the same as that described for strain BB26-36 by Kennedy (4) .
It was important to verify the identify of the labeled MDO extracted from cells grown in medium of low osmolarity (Fig. 1) . It has been shown that MDO can be further purified and separated into distinct subfractions by chromatography on DEAE-cellulose (13 (Fig. la) was pooled and diluted sixfold by the addition of 7% (vol/vol) aqueous 1-propanol to reduce the salt concentration and chromatographed on a column of DEAE-cellulose essentially as described by van Golde et al. (13) . The chromatographic profile (Fig. 2) was closely similar to that described by van Golde et al. (13) , with 81% of the radioactivity recovered in three fractions corresponding to MDO subfractions A, B, and C (13).
The presence of glycerophosphate residues linked to the 6 position of certain glucose units in MDO is a highly characteristic feature of MDO structure (6) . Treatment of MDO with 0.5 N NaOH at 100°C hydrolyzes the phosphodiester bonds (6) . Because attachment to the 6 position of the glucose unit does not favor cyclization on glucose, labeled glycerophosphate, and not labeled glycerol, is eliminated (6) . For further verification of the identity of the labeled MDO, rnaterial from fractions A, B, and C derived from the DEAE-cellulose chromatography (Fig. 2 ) was pooled and subjected to alkaline hydrolysis (see Materials and Methods). The products were analyzed by thin-layer chromatography (Fig. 3a) . Almost all of the radioactivity was recovered in the region expected for glycerophosphate, with only traces of labeled glycerol. That the product was indeed glycerophosphate was verified by treatment of a portion of the sample with purified alkaline phosphatase prior to thinlayer chromatography. This treatment resulted in a quantitative conversion of the product to labeled glycerol (Fig. 3a) .
MDO synthesis in strain DC2. Cells of strain DC2 grown in medium of low osmolarity yielded a much smaller amount of labeled MDO than did the, parent strain UB1005 (Fig. lb) brane, such as those caused by treatment with EDTA, may release MDO into the medium (12) . Strain DC2 was originally selected by Clark (1) on the basis of its increased sensitivity to a number of antibiotics such as ampicillin, most Fig. 1 ) were pooled, and the total count of radioactive MDO was measured. The recovery of MDO from the medium in which cells of strain DC2 had been grown is described in the text. probably caused by increased permeability of the outer membrane. If this is the case, labeled MDO produced by DC2 might be released into the medium, rather than retained by the cells. The low-osmolarity medium in which cells of DC2 had been grown was therefore examined for the presence of labeled MDO. A portion (9.2 ml) of the combined medium plus washes (see Materials and Methods) was concentrated in a rotary evaporator to about 3.0 ml, and 0.10 ml of bovine serum albumin (10 mg/ml) was added, followed by 0.34 ml of 30%'(wt/vol) trichloracetic acid. The pellet, which contained membrane fragments and labeled lipids that might have been released into the growth medium, was removed by centrifugation. The supernatant solution was concentrated to a volume of 1.0 ml, neutralized with ammonia, and chromatographed on Sephadex G-25. As expected, a very large peak of radioactivity was found in the region of low molecular weight corresponding to residual labeled glycerol, but a large amount of radioactivity was als'o found in the region expected to contain MDO ( Table 1 ). The peak of MDO, however, was not clearly resolved, suggesting the presence of some labeled, non-MDO materials.
The MDO recovered from the medium (fractions 22 to 29, Table 1 ) was pooled and further purified by chromatography of DEAE-cellulose as described above. The pattern of chromatography was similar to that shown in Fig. 2 , with 72% of the radioactivity recovered in fractions A, B, and C; this supports' the conclusion that the material isolated from the medium was indeed MDO.
Further evidence for the identity of the MDO isolated from the medium was obtained by pooling fractions A, B, and C from the DEAE-cellulose column and subjecting the material to hydrolysis in 0.5 N NaOH as described above. Almost all of the radioactivity was recovered as glycerophosphate, which was identified by thin-layer chromatography and by treatment with purified alkaline phosphatase as described above (Fig. 3b) .
The high-osmolarity medium in which cells of strain DC2 had been grown was similarly examined for the presence of labeled MDO. The content of radioactivity in the region expected for MDO was only 30% of that found in the medium of low osmolarity ( Table 1 ). The material derived from'high-osmolarity medium displayed no definite peak corresponding to the expected position of MDO, and it seems likely that much of this radioactivity obtained from the high-osmolarity medium is from sources other than MDO. We conclude that thd synthesis of MDO in'strain DC2 is subject to the same pattern of osmoregulation as in other strains of E. coli but that most of the MDO produced is released into the medium.
DISCUSSION
The results reported here make it clear that the biosynthesis of MDO in strain UB1005 follows the same pattern of osmoregulation reported (4, 7) for other strains of E. coli and Agrobacterium spp., with maximum synthesis occurring during growth in medium of low osmolarity and very little synthesis occurring in medium of high osmolarity. The claim of Clark (2) that osmoregulation of MDO synthesis in this strain follows the opposite pattern can be explained by the inadequate methods for characterizing MDO used in that study. It seems probable that the anthrone-reactive material equated by Clark with MDO, which was detected in extracts of cells grown at high osmolarity, in fact represents the low-molecular-weight sugars and their derivatives reported by Roller and Anagnostopolous (11) to accumulate as compatible solutes, which have the effect of offsetting the osmotic differential between the cytosol and the medium. It may be noted that the accumulation of periplasmic MDO during growth in medium of low osmolarity represents a kind of adaptation similar to the accumulation of cytosolic carbohydrate during growth at high osmolarity. In each case, the adaptation reduces the differential of osmotic pressure across the cytoplasmic membrane.
Clark (2) also reported that strain DC2, a derivative of UB1005, produced no MDO during growth at low osmolarity but produced large amounts'of MDO during growth at high osmolarity. This anomaly was attributed to a mutation, designated mdoR, in a putative regulatory gene governing MDO synthesis. Our results indicate that strain DC2 releases a large fraction of its MDO into the medium, a result that is not unexpected in view of the hypersensitivity of this strain to a variety of antibiotics (1) . Because hypersensitivity to antibiotics may be caused by increased permeability of the outer membrane, this may also explain leakage of MDO fron the periplasm into the medium; however, further experiments would be needed to explore this point. The synthesis of MDO in DC2 nevertheless follows the same general pattern as that seen in other strains. There is no evidence to support the notion that this strain contains a mutation in any locus related to MDO synthesis. The designation mdoR should therefore be dropped.
